Graphene, a single atomic layer of graphitic carbon, has attracted intense attention due to its extraordinary properties that make it a suitable material for a wide range of technological applications. Large-area graphene films, which are necessary for industrial applications, are typically polycrystalline, that is, composed of single-crystalline grains of varying orientation joined by grain boundaries. Here, we present a review of the large body of research reported in the past few years on polycrystalline graphene. We discuss its growth and
atomically thin monolayer systems, which possess some very valuable properties for many applications, have soon joined the field thus extending the palette of available 2D materials. Examples are insulating monolayer hexagonal boron nitride (h-BN) 11 and semiconducting transition metal dichalcogenides (TMDCs) MX 2 (M = Mo, W; X = S, Se) characterized by electronic band gaps between 1.1 eV and 1.9 eV 12, 13 . The diversity of 2D materials further opens the possibility for such atomically thin crystals to be combined in complex heterostructures by stacking them on top of each other, thus giving rise to a whole new paradigm of nanoscale engineering 7, 14, 15, 16 .
Technological applications require scalable techniques that would produce large-area sheets beyond the micrometer size samples of graphene used in earlier research, such as those single-crystalline graphene flakes readily obtained by ! 3! mechanical exfoliation of graphite 1 . Statistical physics arguments, however, suggest that crystalline order in 2D is highly susceptible to various types of fluctuation and disorder 17 , which would hinder producing high-quality single-crystalline graphene sheets of arbitrarily large size. Practically, typical films of graphene of wafer scale or larger size as produced by, for example chemical vapor deposition (CVD), are polycrystalline 18, 19, 20 , i.e. composed of single-crystalline domains of varying lattice orientation. In polycrystalline materials, such rotational disorder necessarily leads to the presence of grain boundaries (GBs) -interfaces between single-crystalline domains 21, 22 . GBs represent a class of topological defects -imperfections described by a structural topological invariant that does not change upon local modifications of the lattice 23 .
Of course, such topological defects, intrinsic to polycrystalline materials, inevitably affect all properties of the material under study.
This Review discusses recent experimental advances of the emerging field of polycrystalline 2D materials complemented with necessary theoretical concepts. We first cover recent progress in observing the micrometer scale morphology in polycrystalline graphene as well as the atomic structure of GBs. The structure of the latter is explained in terms of hierarchical classification of topological defects in crystalline lattices. Special attention is devoted to peculiar behavior of topological defects in 2D graphene as opposed to those in bulk 3D crystals. The article then covers important aspects of graphene growth by CVD for the formation of polycrystalline graphene. We then consider electronic transport, optical, mechanical 
Structure of polycrystalline graphene
Experimental evidence. Historically, research on polycrystalline graphene was preceded by investigations of topological defects in bulk graphite. First transmission electron microscopy (TEM) studies of dislocations in graphite were reported in early sixties 24, 25 . In 1966, Roscoe and Thomas proposed an atomistic model of tilt GBs in graphite, suggesting that the cores of edge dislocations are composed of pentagonsheptagons pairs 26 , which is consistent with the structure of topological defects in polycrystalline monolayer graphene discussed below. Later, the interest in GB defects in graphene was renewed with the advent of scanning tunneling microscopy (STM)
for investigating surfaces 27, 28, 29, 30 . Scanning tunneling spectroscopy (STS) allowed investigating in detail the local electronic properties of these defects in graphite 31 . The scanning probe techniques have also been used recently to explore the possible role of GBs in the intrinsic ferromagnetism of graphite 32 .
In 3D bulk solids, the structure of dislocations and GBs is generally difficult to access and image using current microscopy techniques as these defects are mostly buried deep inside. In contrast, 2D materials such as graphene provide an exceptional experimental system where such structural irregularities are exposed and can be studied in greater details by microscopy with resolution down to atomic levels, and even including temporal evolution. For polycrystalline graphene, transmission electron microscopy (TEM) has become one of the most powerful and widely used tools to map out both the polycrystalline morphology on a large scale (i.e. above the size of single-crystalline grains), and the structural details of individual topological 43, 44 .
Several examples of topologically trivial defects (that is, characterized by zero values of the relevant structural topological invariants) derived from GBs in graphene deserve special attention. Lahiri et al. reported an observation of highly regular line defects in graphene grown on Ni(111) substrate 45 . Such a one-dimensional defect formed by alternating octagons and pentagon pairs aligned along zigzag direction (Fig. 1f) can be viewed as a degenerate GB as it has zero misorientation angle.
Because of its topologically trivial structure, this defect can be engineered in a controlled way as demonstrated by Chen et al. 46 Another work observed a different line defect in graphene oriented along the armchair direction 47 . GB loops are formally equivalent to point defects in crystal lattices. A striking example is the highly symmetric flower-shaped defect found in graphene produced using different methods (Fig. 1g ) 48, 49 . Grain boundary energies and out-of-plane deformations. Formation energies play crucial role in determining the atomic structure of GBs at conditions close to thermodynamic equilibrium. This has been investigated theoretically using density functional theory 36 and empirical force fields 37 ,58,59 . Figure 2a shows the computed GB energies γ for a number of symmetric periodic configurations characterized by different values of misorientation angle θ 36 . Two scenarios can be considered here.
First, GBs are constrained to assume flat morphology when strong adhesion of graphene to a substrate takes place. In this case, the energetics of these defects (filled symbols in Fig. 2a Out-of-plane deformations induced by the presence of topological defects in graphene have been investigated using electron microscopy techniques 63, 64 . In TEM, produced by a pair of dislocations is shown in Figure 2g .
Out-of-plane corrugation can also act as an efficient mechanism for relieving the misfit strain at asymmetric GBs in graphene. In this case, compressive strain was predicted to result in periodic ripples along the GB defects 40, 65 . Such periodic ripples have recently been observed in an STM study of GBs on the surface of graphite 66 .
Transformations of topological defects. Understanding the transformation pathways of topological defects is important for describing its plastic deformation. The motion of individual dislocations in graphene has been observed using HR-TEM 63, 67 . In accord with early theory predictions, the two basic steps of dislocation motion -glide and climb -are realized by means of a single C-C bond rotation (the Stone-Wales transformation) 68, 69 and removal of two carbon atoms 69, 70 , respectively. The energy barriers associated with these processes are sufficiently high to render them unlikely under equilibrium conditions. For instance, the energy barrier of a bond rotation step was predicted to lie in the 5-10 eV range 61 . Even higher energy barriers are expected for the sputtering of carbon atoms 71, 72 . However, under TEM conditions, irradiation by high-energy electrons at accelerating voltages close to the displacement threshold (80 kV in Refs. 63,67) promotes the above-mentioned elementary processes of dislocation motion. In particular, both dislocation climb ( 
CVD growth of polycrystalline graphene
While there are numerous ways to produce graphene, chemical vapor deposition (CVD) on polycrystalline Cu foils 35 has now become the most widely used method to synthesize high-quality, large-size monolayer graphene films due to its simplicity, low cost, and scalability. This technique produces the largest, over-meter-scale to date 73 , graphene sheets which can be easily transferred to other substrates for diverse applications. The vast majority of experimental studies on GBs in graphene have been performed on such CVD grown samples. In such a CVD growth, thermal decomposition of hydrocarbon gas (most commonly CH 4 , mixed with Ar and H 2 ) at high temperature provides the source of carbon atoms that will ultimately assemble into graphene on the surface of Cu substrate. Details of this process are subject to much research and are believed to involve multiple steps and intermediates 74, 75 .
Single-crystalline graphene grains nucleate around multiple spots (the nucleation centers) on the substrate, grow up in size, and as the growth proceeds, eventually merge to form a continuous polycrystalline graphene. Its properties will be determined by the constituent grains (their size, shape, edge orientation and other properties) and how they are merged or stitched together (i.e. the structure of GBs).
By stopping the growth before all the grains merge into a continuous polycrystalline film, single crystal grains (as well as isolated GBs between two grains) ! 11! can be obtained, 35, 76 , 77 allowing studying the formation and properties of these building blocks of polycrystalline graphene. It is noted that the polycrystallinity of the Cu foil is not a limiting factor for single-crystalline graphene growth, as a graphene grain can grow across GBs in Cu (Fig. 3a,b) . This indicates weak interaction between graphene and Cu surfaces with no clear epitaxial relationship 76, 77 . On the other hand, such interactions still exist and Cu crystal orientation can still have some influence on the growth of graphene overlayer 78, 79, 80, 81, 82, 83 . Imperfections (defects, GBs and surface steps) and impurities in the Cu substrate can provide the nucleation centers for the growth 79, 84 . Recently, it was discovered that the presence of oxygen on the Cu surface can substantially decrease the graphene nucleation density by passivating Cu surface active sites (Fig. 3c ) 77 . Reducing the density of nucleation centers is the key to grow large single crystals of graphene 77, 85, 86, 87 . Nucleation can also be artificially started using growth seeds 76, 88 .
Changing various growth parameters can control both the size and shape of graphene grains. For instance, grain size can be tuned by varying the growth rate 44 .
Earlier studies noted that different CVD growth pressures can lead to different grain shapes, with the two most common ones being flower-shaped grains often obtained in low pressure (LP) CVD 35 ,76 and hexagonal shaped grains in atmospheric pressure (AP) CVD (Fig. 3a,b ) 76 . The flower-like (dendritic) shape 35 , with irregular and multifractal-like edges 35 ,89,90 , indicates a diffusion-limited growth mechanism. The more regular hexagonal grains 76 , whose edges are shown to be predominantly oriented along the zigzag directions of graphene lattice 76, 91 , represents an edge-attachment limited growth 77 . It was also realized that hydrogen plays important role by serving as an activator of the surface bound carbon needed in graphene growth as well as an etching reagent that controls the size and morphology of the graphene grains 92 . The
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shape and size of the grains can be continuously tuned by hydrogen partial pressure (Fig. 3d,e ) 90, 92 . Oxygen also accelerates graphene grain growth and shifts the growth kinetics from edge-attachment-limited (hexagonal shaped grains) to diffusion-limited (dendritic shaped grains) by reducing the activation barrier of the rate-limiting step 77 .
The shape of grain is also affected by growth temperature 93 .
In a growth mechanism model developed in Ref. 77 , the shape is controlled by the balance between characteristic time of carbon attachment and carbon flux, with the longer attachment time favoring hexagonal shapes. Understanding the reactivity and kinetics of graphene edges is critical for understanding the growth mechanism 94, 95 .
Optical Imaging and Characterizations
It is generally difficult for conventional optical imaging to directly visualize GBs in graphene, which typically have very narrow widths (far smaller than optical resolution) and do not have sufficient optical contrast with the surround graphene grains. We note that most GBs are also quite flat and can be difficult to see even with scanning electron microscopy (SEM) and atomic force microscopy (AFM) 76 GBs generally result in enhanced electrical resistance (Fig. 4a,b) , although the increase of resistance can vary across different GBs 76, 105 . One the other hand, a few other experiments 18 , 44 ,107 observed no significant effects on the conductive properties due to GBs or variation of grain sizes, and some GBs that may even enhance the conduction (for example, GBs involving "overlapping" graphene layers 44 , Fig. 4c ). GBs give rise to prominent weak-localization (WL, Fig. 4d ) effects 76, 105 . This indicates that GBs induce strong inter-valley scattering of carriers, consistent with the expected lattice disorder associated with GBs and with the observed strong Raman "D" peak (whose activation also requires inter-valley scattering 108, 109 ) for GBs 76 .
Interestingly, it is also shown that the "half-integer" quantum Hall effect (QHE), which is a hall-mark of Dirac fermion transport in graphene, is maintained for the . Furthermore, STM revealed that GBs give rise to standing wave patterns 112 ( Fig. 4e) propagating along the zigzag direction with a decay length of ~1 nm. This observation is indicative of backscattering and intervalley scattering processes (which were also observed at armchair graphene edges in graphene 91 ), thus corroborating the Raman and weak-localization measurements 76, 105 . In addition, STM/STS measurements have found that GBs tend to be more n-type doped 103,112 compared to the surrounding "bulk" graphene which is often found to be p-type doped due to surface adsorbates and contaminants. This leads to the formation of p-n junctions with sharp interfaces on the nanometer scale 103 .
On the theory side, remarkable predictions have been reported for the periodic models of GBs investigated using the Landauer-Büttiker formalism (Fig. 4g) 
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. This prediction suggests that engineered line defects can be used as components of future valleytronic devices based on graphene 115, 116, 117 . The
Landauer-Büttiker formalism has also been used for investigating the effect of strain 118 and chemical functionalization 119, 120 on the transport properties of GBs in graphene. Electronic transport across disordered grain boundaries has been studied with the help of wavepacket evolution techniques either locally 121 
Mechanical properties
In bulk materials, the presence of defects usually leads to significant reductions of the tensile strength 127 . Knowing how dislocations and GBs affects mechanical properties of graphene is particularly important considering the facts that (i) single-crystalline graphene is the strongest known material 128 and that (ii) in low-dimensional materials the effect of disorder is expected to be amplified. In their recent systematic study, Lee found statistically identical to those of pristine single-crystalline graphene (Fig. 5c ).
However, sizable reduction of the mean value and broader distribution of fracture loads were observed for small-grain (1-5 µm) samples. This implies that the strength of polycrystalline graphene is affected by randomly occurring structural defects.
Indeed, nanoindentation measurements performed directly on GB showed 20%-40%
smaller fracture loads compared to those performed in the middle of single-crystalline domains (Fig. 5d) . Investigations of graphene membranes after indentation shows that ! 18! cracks propagate not only along GBs, but also inside grains (Fig. 5e) . These results suggest that the elastic stiffness and strength of polycrystalline graphene with wellstitched GBs are close to those of pristine graphene. Importantly, the study also brings to one's attention the fact that post-growth processing techniques used in the previous studies 130 significantly degraded the strength of graphene. . We note that a recent nanoindentation study by Rasool et al. shows a clear reduction of the fracture force when small-angle GBs are probed 133 . The computational studies also provide an insight into the atomistic picture of mechanical failure of polycrystalline graphene. In particular, several recent works reported simulations performed on models containing realistic GB networks 134, 135, 136 . It was found that triple junctions of GBs serve as nucleation center for cracks. Propagation of cracks both along GBs and within single-crystalline grains was observed ( Fig.   5f ) 134, 135 . Importantly, the failure of graphene can be considered as brittle since dislocations are completely immobile at normal conditions 135, 136 .
In additional to mechanical properties, it is also interesting to consider whether and how GBs may affect or even be used to engineer phonon (thermal) transport 137, 138 . This remains a largely unexplored topic so far, calling for much further studies, especially experiments. The possible different ways GBs may affect thermal transport compared to electronic transport could promise interesting functionalities, e. g. for thermoelectric devices.
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Topological defects in other 2D materials
From structural point of view, h-BN and TMDCs are closely related to graphene (Fig.   6a ). Monolayer h-BN has the same honeycomb crystal structure as graphene, with a similar lattice constant (a = 2.50 Å) and two sublattices populated by B and N atoms, respectively. Such a polarity of crystalline lattice leads to profound consequences when atomic structure of topological defects is considered. In particular, oddmembered rings present in the topological defects break the alternating order of the two atomic species resulting in homoelemental bonding (Fig. 6c) 
140
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The crystal structure of monolayer TMDCs is composed of triangular lattice of metal atoms sandwiched between two triangularly packed planes of chalcogen atoms.
In the most stable 2H phase, chalcogen atoms are stacked along the direction orthogonal to the monolayer. The crystal structure is effectively a 2D honeycomb lattice with the two sublattices populated by metal atoms and the pairs of chalcogen atoms (Fig. 6a) . In this structure, metal atoms are 6-fold coordinated while chalcogen atoms are 3-fold coordinated. Compared to the case of h-BN, however, these 2D materials are expected to display even greater structural variety of topological defects because of (i) more easily changed coordination number of the constituent atoms, and
(ii) the 3D character of their coordination spheres 141 , 142 . Interestingly, somewhat different defect structures were reported by other authors in the samples of monolayer MoS 2 produced by a very similar CVD process 144, 145 . The 60° GBs were shown to be composed predominantly of 4-membered rings arranged in two different patterns (Fig. 6g,h ) 144 . Moreover, the observed small-angle GBs allowed to identify individual b = (1,0) dislocations. Their great structural diversity summarized in Figure 6j shows dislocation cores featuring 4-membered rings, MoMo and S-S bonds as well as undercoordinated S atoms.
Atomically thin silica comprises another interesting example of hexagonal 2D
lattice formed by corner-sharing SiO 4 tetrahedra. TEM investigations of bilayer silica reveal the presence of topological and point defects similar to those observed in graphene 146, 147 . Unlike graphene, however, 2D silica realizes an extra degree of structural freedom associated with the rotation of individual SiO 4 units. This results in additional relaxation effects leading to very low formation energies of certain defects such as the large-angle GBs 148 . This peculiarity is ultimately reflected in strong tendency of 2D silica to form vitreous (amorphous) phase, which realizes the limit of high concentration of topological defects 149, 150 .
Perspectives
The overview of recent progress highlights priority directions of research in the field of polycrystalline 2D materials. While significant progress has been achieved in 
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Box 1 | Relations between different types of topological defects in graphene.
Polycrystalline materials are composed of single-crystalline domains with different lattice orientations. The changes of the lattice orientation are accommodated by the presence of topological defects. The structure of such defects is described by some topological invariant, a non-locally defined quantity conserved upon local structural transformations. There are three types of topological defects relevant to 2D materials − disclinations, dislocations and grain boundaries (GBs) -related to each other by hierarchical relations 23, 36, 39 . Importantly, in graphene these defects can be constructed without perturbing the native three-fold coordination sphere of sp 2 carbon atoms 36 . Disclinations (a) are the elementary topological defects obtained by adding a semiinfinite wedge of material to, or removing from, an ideal 2D crystalline lattice. For 60° wedges, the resulting cores of positive (s = 60°) and negative (s = −60°) disclinations are pentagons (red) and heptagons (blue), respectively, embedded into the honeycomb lattice of graphene. Wedge angle σ is the topological invariant of a disclination. The presence of isolated disclinations in graphene, however, is unlikely as it inevitably results in highly non-planar structures. Dislocations (b) are the topological defects equivalent to pairs of complementary disclinations. The topological invariant of a dislocation is the Burgers vector b which is a proper translation vector of the crystalline lattice. A dislocation effectively embeds a semi-infinite strip of material of width b into a 2D lattice 36 . An edgesharing heptagon-pentagon is a dislocation in graphene with the smallest possible Burgers vector equal to one lattice constant (b = (1,0) ). Larger distances between disclinations result in longer Burgers vectors as illustrated by the b = (1,1) dislocation. Grain boundaries (c) in 2D materials are equivalent to 1D chains of aligned dislocations 38 . These topological defects are the ultimate interfaces between singlecrystalline grains in polycrystalline materials. The topological invariant of a GB in 2D is the misorientation angle θ = θ L + θ R (0° < θ < 60°), which is related to the density of dislocations and their Burgers vectors b via the so-called Frank's equations 21 . Large dislocation density (or, equivalently, small distance between the neighboring dislocations) corresponds to large misorientation angles. Two examples of particularly stable large-angle GBs (θ = 21.8° and θ = 32.3°) in graphene are shown. curves measured across an isolated GB (green) and those within the graphene grain on each side of the GB (red and blue). This measurement demonstrates a significantly reduced conductance (slope of the I V curve) of cross-GB transport compared to intra-grain transport 76 . c, Gate voltage (V G ) dependent sheet conductance (G ) measured across an "overlapped" GB (labeled "L-R") and within the grain on each side of the GB ("L" and "R"), showing that such a GB actually enhances the conductance (or effective "shortens" the transport path length, in this case by ~250nm) 44 . The conductance contributed by the GB is extracted (green). Inset shows device image with the width of "overlap" region indicated (325 nm). d, Low-temperature magnetoresistance measured across the GB and within the grains for the device shown in panel a. The measurement reveals weak localization behavior indicative of inter-valley scattering caused by the GB. e, STM image around a GB, revealing a linear structure (more clearly seen in the Fourier-filtered images in inset) that is associated with GB-induced intervalley scattering 112 . f, Schematic illustration of the transport gaps predicted for certain periodic GB defects in Ref. 65 . While low-energy charge carriers are perfectly reflected, transmission across the GB defect is enabled at higher energies. g, Schematic illustration of the valley filtering effect predicted for the line defect in Ref. 
